We present the first results from the deep and wide 5 GHz radio observations of the Great Observatories Origins Deep Survey (GOODS)-North (σ = 3.5 µJy beam −1 , synthesized beam size θ = 1.47 × 1.42 , and 52 sources over 109 arcmin 2 ) and GOODS-South (σ = 3.0 µJy beam −1 , θ = 0.98 × 0.45 , and 88 sources over 190 arcmin 2 ) fields using the Karl G. Jansky Very Large Array. We derive radio spectral indices α between 1.4 and 5 GHz using the beam-matched images and show that the overall spectral index distribution is broad even when the measured noise and flux bias are considered. We also find a clustering of faint radio sources around α =0.8, but only within S 5GHz < 150 µJy. We demonstrate that the correct radio spectral index is important for deriving accurate rest frame radio power and analyzing the radio-FIR correlation, and adopting a single value of α =0.8 leads to a significant scatter and a strong bias in the analysis of the radio-FIR correlation, resulting from the broad and asymmetric spectral index distribution. When characterized by specific star formation rates, the starburst population (58%) dominates the 5 GHz radio source population, and the quiescent galaxy population (30%) follows a distinct trend in spectral index distribution and the radio-FIR correlation. Lastly, we offer suggestions on sensitivity and angular resolution for future ultra-deep surveys designed to trace the cosmic history of star formation and AGN activity using radio continuum as a probe.
INTRODUCTION
Stellar mass build-up and central massive black-hole growth are two key observational constraints for understanding galaxy evolution in modern astronomy. A significant fraction of these activities are heavily obscured by dust over the cosmic history (Le Floc'h et al. 2005; Caputi et al. 2007; Magnelli et al. 2011b; Whitaker et al. 2017) , and we need another tracer that can penetrate (A V 100). The completion of the NSF's Karl G. Jansky Very Large Array 1 (VLA) with a more than 100 times larger spectral bandwidth and a new powerful digital correlator translates to more than an order of magnitude improvement in sensitivity to probe star formation and black hole activities at cosmological distances (Perley et al. 2011 ).
The low-frequency (ν 10 GHz) radio sky is dominated by synchrotron emission (Condon 1992) , which mainly comes from star-forming galaxies (SFGs) and active galactic nuclei (AGN). In SFGs, synchrotron emission is generated through cooling of cosmic rays accelerated by shocks associated with Type II supernovae. In AGN, synchrotron radiation is produced by relativistic charged particles in radio cores and jets. Different origins of the observed synchrotron radiation are encoded in radio spectral index α, which is defined as S ∝ ν −α , where S is the flux density and ν is the frequency. Starforming regions are optically thin to synchrotron radiation, which yields a steep, characteristic radio spectral index of α ≈ 0.8 (Condon 1992) . Synchrotron emission in AGN is produced in two different ways. Radio core AGN are optically thick enough to absorb synchrotron emission and re-emit, which makes the slope of the synchrotron radiation flatter ("synchrotron selfabsorption"), α 0.8 (de Bruyn 1976) . In jets, relativistic electrons lose their energy over time while traveling down the length of the jets, and the resulting radio spectral index is steeper ("synchrotron aging"), α > 0.8 (e.g., Burch 1979) .
Radio spectral indices have been used to study the nature of radio sources. In particular, the emergence of flat spectrum sources in the sub-mJy regime has been reported by several authors (e.g., Donnelly et al. 1987; Prandoni et al. 2006; Randall et al. 2012) , although others have reported no flattening in the mean spectral index (Fomalont et al. 1991; Ibar et al. 2009 ). Deeper radio observations with µJy sensitivity have shown that the fraction of steep spectrum sources increases with decreasing flux density, suggesting the emergence of SFGs at the sub-mJy level (Ibar et al. 2009; Huynh et al. 2015; Murphy et al. 2017) , in agreement with the interpretation of the normalized number counts (Owen & Morrison 2008; Condon et al. 2012 ) and the analysis of the polarization (Rudnick & Owen 2014) . A radio study of submillimeter galaxies (SMG) has showed that their radio spectral index distribution is a skewed Gaussian with a peak near α ∼ 0.7 and a tail towards flatter spectrum . These studies indicate a promising potential for the radio spectral index as a tracer of underlying physical activity in distant galaxies.
We show here that obtaining correct measurements of radio spectral indices is critically important in calculating the rest-frame radio power and for understanding the cosmic evolution of the faint radio population. Any uncertainty in radio spectral index translates directly to the uncertainty in derived radio power, and this in turn affects the accuracy of the radio-far infrared (FIR) correlation analysis (Gim et al. 2015; Delhaize et al. 2017) . Radio AGNs with jets are often resolved by interferometric observations, and even normal SFGs show spatially resolved structures at arcsecond scales (e.g., Chapman et al. 2004; Barger et al. 2017) .
In this paper, we present the analysis of radio spectral indices between 1.4 and 5 GHz derived with matched beams, for a large sample of faint radio sources identified from the deep and wide 5 GHz radio observations on the GOODS-North (GN) and -South (GS) fields. We examine the correlations among radio spectral index, radio-FIR correlation, and star formation properties. We also discuss the limitations of radio observations tracing normal SFGs, the importance of correct derivation of radio spectral index, and the constraints provided by radio spectral index to classifying radio SFGs. Throughout this paper we adopt the cosmological parameters, H 0 = 67.8 km s −1 Mpc −1 , Ω m = 0.308, and Ω Λ = 0.692 (Tanabashi et al. 2018 ).
OBSERVATIONS

Radio Observations
GOODS-North
Our observations of the GN field were conducted in February and March of 2011, for a total of 22 hours at 5 GHz in the B-configuration of the VLA under the program code 10C-225. As summarized in Table 1 , we observed two fields with the VLA's Wideband Interferometric Digital Architecture (WIDAR) correlator which was configured to deliver two 128 MHz sub-bands in full polarization. The sub-bands were further split into 64×2 MHz channels each, and centered at 4896 and 5024 MHz, respectively. The correlator integration time was 3 seconds.
The calibration and reduction of the VLA data were carried out using the standard data reduction package Astronomical Image Processing System (AIPS). The flux calibrator 3C286 was used for the calibrations of delay, flux density scale, and polarization while the gain calibrator J1400+6210 was used for the bandpass and gain calibration. The radio quasar J1400+6210 is bright enough (1.72 Jy at 5 GHz) to be used for the bandpass calibration.
Imaging of the visibility data was performed using the Common Astronomy Software Applications (CASA, McMullin et al. 2007 ). The wide field imaging of each field was carried out using nine facets, each with 4096×4096 pixels with a cell size of 0.35 , down to 3σ. The Clark point spread function (PSF) model is adopted, and the Briggs function is used to weight the data with a robust value of R = 1. The Briggs weighting function is intermediate between natural (lowest noise, poorest resolution) and uniform (highest noise, best resolution) weighting functions, and the robust factor of R = 1 gives an optimal compromise between sensitivity and resolution. The final mosaic and sensitivity images incorporating the primary beam correction are produced using the AIPS tasks LTESS and STESS, respectively. The final mosaic image has a size of 5120×5120 pixels, 
GOODS-South
The GS field was observed at 5 GHz for a total of 15 hours in the A-configuration of the VLA under the project code of 12B-274. The coordinates of the six pointing centers and observation dates are listed in Table 1. The WIDAR correlator was configured to deliver sixteen 128 MHz sub-bands, each with 64×2 MHz channels and full polarization products. The frequency span was from 4488 to 6512 MHz. Correlator integration time was 1 second to minimize the time smearing effect. The observations were executed in six different sessions, each with 2.5 hrs long.
Data reduction and imaging were performed using CASA. The flux density scale calibrator 3C48 was used for the calibrations of delay, flux scale, and polarization, while the gain calibrator J0240−2309 (2.33Jy at 5 GHz) was used for calibrations of bandpass, phase, and delay. Severe radio-frequency interference (RFI) dominated the last four SPWs (12 to 15), and they are excluded in the analysis. Self-calibration was carried out successfully to improve the overall dynamic range of the image using bright sources (> 1 mJy) in each field.
Initial imaging was done in CASA for each field and each SPW exploiting the wide-field imaging with 36 facets that are each 10240×10240 pixels in size and using a cell size of 0.1 , down to 3σ. The Clark PSF and the Briggs weighting function with a robust value of R = 0.8 are adopted for imaging. The synthesized beam depends on the frequency, and all images are convolved to match the largest beam at the lowest frequency SPW before the final mosaic image is constructed. Using the weights of w i = (beam area) new /(beam area) old , all images were convolved to have beam sizes of 0.98 ×0.45 . The mosaic image of each SPW is produced first using the AIPS tasks LTESS and STESS with primary beam correction. The final band-merged image is produced by averaging the SPW mosaic images using the 1/σ 2 weight, where σ is an RMS noise of each mosaic. The final band-merged mosaic image is 16384×16384 pixels in size with the central frequency of 5.245 GHz (hereafter 5 GHz) and a total bandwidth of 1.486 GHz. The RMS noise in the center of the mosaic is σ = 3.0 µJy beam 
Source Catalogs
The 5 GHz sources are extracted from primary-beam corrected images using the AIPS task SAD. Since radiofrequency interference is time-dependent and the primary beam response is not uniform, the final noise distribution is not uniform or symmetric across the mosaic. Therefore, we limit the source search for generating the catalogs to the central regions with up to twice the RMS noise in primary-beam corrected maps, i.e., 7 µJy beam −1 for the GN field and 6 µJy beam −1 for the GS fields as shown with inner red contours in Figure 1. We also minimized the impact of the effective frequency shift to lower frequency toward the edge of the final image. Since the coverage of the image is different at each SPW due to the frequency-dependent primary beam correction, the effective frequency moves to the lower frequency toward the edge of the frequencystacked image. We have created a matching sensitivity map to track the frequency-dependent effects in the final mosaic. We also limited our catalog to the more central region reasonably far away from the edges. Sources detected with a peak signal-to-noise ratio (SNR) > 5 are selected for the final catalogs, and the measured flux densities are corrected for bandwidth smearing by setting the AIPS adverb BWSMEAR as the fraction of channel width with respect to the central frequency in the SAD. However, the time averaging effect is not taken into account since its impact on the flux density is small (<0.1%) enough to be neglected within our catalog re- Figure 1 . The VLA 5 GHz mosaic images for the GN (panel A) and the GS (panel B) fields. The inner red contours trace the boundary where the primary beam correction increases the effective noise to twice that in the image center, and this also marks the survey area where the source catalogs are derived. The outer red contours mark the survey areas where the primary beam response is 7% of the mosaic center. The centers of each mosaic are marked with a cross ('×'), and the 3D-HST coverages are outlined in blue polygons.
gions (Bridle & Schwab 1999 
Comparisons with previous results
There are recent radio continuum observations of both GN & GS fields with comparable or higher sensitivity and at a higher angular resolution, and they offer an interesting and complementary view on the nature of the faint radio source population. Guidetti et al. (2017) have studied the GN field at 5.5 GHz with an RMS noise of 3 µJy beam −1 and a synthesized beam size of 0.5 , and they reported a total of 94 sources (≥ 5σ) over their 154 arcmin 2 survey area. This is about 80% larger number of sources over a 50% larger area with a similar flux density sensitivity compared to our survey. At least part of this difference must be due to their 3 times smaller beam (9 times worse surface brightness sensitivity), which can fragment some of the resolved star-forming galaxies and jet sources into multiple components. Guidetti et al. (2017) also suggested this surface brightness sensitivity effect as the root cause for their unexpectedly large (80%) AGN fraction.
Earlier surveys of the GS field by Kellermann et al. (2008) at 4.9 GHz using the VLA and by Huynh et al. (2015) 5.5 GHz using the Australia Telescope Compact Array were both about a factor of 2 shallower in sensitivity (σ ≈ 8 µJy) and 2-3 times lower in angular resolution (θ ≈ 4 ) compared to our survey. Huynh et al. (2015) reported finding 212 source components over their 0.34 deg 2 survey area down to a flux density of ∼ 50 µJy (≥ 5σ). Kellermann et al. (2008) did not report the source count in their 4.9 GHz VLA survey, but Huynh et al. (2015) reported their data to be consistent because of their similar resolution and sensitivity. The 5 GHz source density derived from these surveys with ∼ 3 times shallower depth is 2.6 times lower than our survey.
More recently, Rujopakarn et al. (2016) have observed the Hubble Ultra Deep Field (HUDF) within the GOODS-South at 6 GHz with an RMS noise of 0.32 µJy beam −1 at an angular resolution of 0.61 ×0.31 . A direct comparison of the source density is difficult in this case because these authors report two source counts that are not fully reflective of the true source density: (1) a total of 68 "bright" (≥ 8σ) sources within the 61 arcmin 2 survey region extending beyond the primary beam; and (2) a total of 11 sources detected at ≥ 5σ among the 13 sources detected by ALMA inside the 40.7 arcmin 2 ALMA survey area. The former number offers a more useful comparison, and corresponds to about 2.5 times higher source density at 6-8 times better sensitivity compared with our survey. The latter number is strictly a lower limit since it includes only ALMA-detected sources at z = 1 − 3. The resulting source density is only 60% of the source density we derive, despite their 10 times better flux density sensitivity.
In summary, the source density we derive is consistent with those of the past surveys. A striking trend seen is that the derived source density increases relatively slowly with improved sensitivity. There are potentially important systematic differences in how the catalogs are generated, and these source counts are not corrected for completeness in a consistent way. Nevertheless, the rise in source density with improving depth of the survey is far flatter than the Euclidean case. Along with the improving sensitivity, subsequent observations have also employed higher angular resolution, and this might play an important role in the derived source statistics, as discussed further below in § 7.2. This also serves as one of our motivations for using beam-matched data for our spectral index analysis (see § 4).
2.2. Multi-wavelength data 2.2.1. VLA 1.4 GHz 1.4 GHz data are needed to calculate the radio spectral index with our 5 GHz data. For the GN field, we use the deep 1.525 GHz (hereafter 1.5 GHz) imaging data obtained by Owen (2018) with RMS noise of 2.2 µJy beam −1 and an angular resolution of 1.6 ×1.6 (FWHM). Owen (2018) have used different beam sizes (2 , 3 , 6 , and 12 ) to measure the flux densities of extended sources because those sources were resolved out with the original beam size, which resulted in the prevention of the loss of flux densities. All of our 5 GHz sources have a matching counterpart in the 1.5 GHz source catalog.
For the GS field, we use the 1.4 GHz VLA data by Miller et al. (2013) , which has RMS noise of ∼6 µJy beam −1 at the image center with a beam size of 2.8 ×1.6 . Since the beam area of these 1.4 GHz data is about ten times larger than our 5 GHz data and the depth of the 1.4 GHz data is significantly shallower than in the GN field, matching the counterparts to the 5 GHz sources is more complicated. We convolve the 5 GHz images for each field and SPW to yield a beam size of 2.8 ×1.6 using the AIPS task CONVL, and the final mosaic is produced by summing over all pointings and SPW using the AIPS tasks LTESS and STESS.
2 The RMS noise of the convolved 5 GHz image is slightly higher, 6.4 µJy beam −1 . We generated the 3σ catalog from the convolved image using the AIPS task SAD. For the 38 sources that were not found in this 3σ catalog due 2 Since the final radio image is a combination of cleaned components with flux density scaled by clean beam and residuals with flux densities weighted by dirty beam, the convolution of the radio image with the clean beam includes the convolution of the residuals scaled by the dirty beam in addition to the convolution of the clean components scaled by the clean beam. The former contributes on the uncertainty of the convolved images, but it is not easy to estimate its contributions because it involves many parameters such as clean thresholds, PSF shape, and the convolution kernel size. This is a subtle but notable systematic effect that we have decided to ignore for the moment.
to increased noise and low completeness at low SNR, we manually performed aperture photometry on the convolved image centered on the source coordinates from the original, full resolution image. A total of 83 sources are identified in the final convolved 5 GHz mosaic image with a beam size of 2.8 ×1.6 , as eight of the sources in the original catalog are now blended into three sources. Matching the 1.4 GHz catalog with this beam-matched 5 GHz data yields 64 counterparts among the 83 sources. A total of 19 sources lack a 1.4 GHz counterpart because the 1.4 GHz data are too shallow (5σ ≥ 30 µJy beam −1 at the image center) to detect 5 GHz sources with a flat or inverted spectrum which is a characteristic of some of the radio AGNs (see the panels (D) and (E) of Figure 4) . Throughout this paper, we analyze only the GS sources that have a unique 1.4 GHz counterpart to avoid the uncertainty introduced by the upper limits.
Chandra X-ray Observatory
We use X-ray data taken from the Chandra X-ray Observatory survey with full band (0.5-7 keV), soft band (0.5-2 keV), and hard band (2-7 keV) catalogs. We make use of 2 Ms observations for the GN field (Xue et al. 2016 ) and 7 Ms observations for the GS field (Luo et al. 2017) . The limiting fluxes for the GN field are 3.5 × 10 −17 , 1.2 × 10 −17 , 5.9 × 10 −17 erg cm −2 s −1 at full band, soft band, and hard band respectively. For the GS field, the limiting fluxes are 1.9 × 10 −17 at full band, 6.4 × 10 −18 at soft band, and 2.7 × 10 −17 erg cm −2 s −1 at hard band. To calculate the X-ray luminosity, we assume a photon index of Γ = 1.8 for X-ray detected radio sources (Tozzi et al. 2006 ) but Γ = 1.4 for X-ray undetected radio sources (Luo et al. 2017) . The full band X-ray luminosity at [0.5-7 keV] is converted to the luminosity at [0.5-8 keV] using the relation of L [0.5−8keV ] = 1.066 × L [0.5−7keV ] for the assumed Γ = 1.8 (Xue et al. 2016 ).
Spitzer Space Telescope
We exploit publicly released Spitzer Space T elescope (Spitzer) IRAC catalogs of the GN (Wang et al. 2010) and GS (Damen et al. 2011) fields. The GN field IRAC catalog has a sensitivity (1σ) of 0.15µJy at 3.6µm, while the GS field IRAC catalog by the Spitzer IRAC/MUSYC Public Legacy Survey in the Extended Chandra Deep Field-South (ECDFS) has a sensitivity (1σ) of 0.22µJy at 3.6µm. We make use of the high angular resolutions of our radio observations to find counterparts within the beam sizes, i.e., 1.47 for the GN and 0.98 for the GS fields.
Herschel Space Observatory
The comparison FIR data are constructed using the public archival data for the Photodetector Array Camera and Spectrometer (PACS) and the Spectral and Photometric Imaging REceiver (SPIRE) of the Herschel Space Observatory 3 . The PACS photometry data at 70, 100, and 160 µm are taken from the combination of PACS Evolutionary Probe (Lutz et al. 2011, PEP) and GOODS-Herschel (Elbaz et al. 2011 ) programs described by Magnelli et al. (2013) . The SPIRE 250, 350, and 500 µm photometry data are taken from the Herschel Multi-tiered Extragalactic Survey (HerMES) DR 3 and 4 (Roseboom et al. 2010; Magnelli et al. 2011a; Roseboom et al. 2012) . We adopt the catalogs extracted using the Spitzer MIPS 24 µm position priors for the PACS bands by the GOODS-Herschel collaboration 4 . As for the SPIRE bands, we used the catalogs extracted at the SPIRE 250 µm source positions (HerMES DR4)
5 . To identify FIR counterparts to the radio sources, we apply the likelihood ratio technique (Sutherland & Saunders 1992) . The search radius adopted is three times the combined positional uncertainties of the radio and Herschel sources. Sources with the reliability of Rel i >0.8 6 are accepted as formal counterparts. We consider an FIR source to be the counterpart to a radio source if it is detected in at least one band in both PACS and SPIRE, with a SNR> 4 in at least one band.
We have compiled the observed 24, 100, 160, 250, 350, and 500 µm band fluxes of 40 GN and 44 GS sources. The best-fit FIR SED models are identified using a widely used SED fitting code Le P hare 7 (Arnouts et al. 1999; Ilbert et al. 2006 ) with various SED templates for SFGs (Chary & Elbaz 2001; Dale et al. 2001; Lagache et al. 2003) and QSOs (Polletta et al. 2007 ). This analysis yielded a good SED model for 39 GN and 42 GS sources. For the radio sources undetected at FIR or with a poor-fit SED, we calculate IR luminosity with 4σ flux limits adopting the average z = 1 SFG SED template (Kirkpatrick et al. 2012 ).
Spectroscopic redshifts
Spectroscopic redshifts are compiled from the published surveys: GN (Cowie et al. 2004; Donley et al. 3 Herschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia and with important participation from NASA.
4 Data are available at http://www.mpe.mpg.de/ir/Research/PEP/DR1 5 Data are available at http://hedam.lam.fr/HerMES/index/dr4 6 Reliability is defined as Rel i = LR i /(ΣLR i + (1 − q 0 )) for the likelihood ratio LR i and the fraction of true counterparts above the detection limit, q 0 7 Le P hare is available at http://www.cfht.hawaii.edu/ ∼arnouts/lephare.html 2007; Barger et al. 2008; Wirth et al. 2015) and GS (Szokoly et al. 2004; Zheng et al. 2004; Mignoli et al. 2005; Ravikumar et al. 2007; Vanzella et al. 2008; Popesso et al. 2009; Straughn et al. 2009; Balestra et al. 2010; Silverman et al. 2010; Cooper et al. 2012; Kurk et al. 2013; Le Fèvre et al. 2013; Skelton et al. 2014; Morris et al. 2015) , respectively. From these compilations, we have 45 (out of 52) sources with spectroscopic redshifts for the GN and 55 (out of 64) for the GS field. In particular, all 55 GS sources with a spectroscopic redshift are in the subsample of 64 sources with both 1.4 GHz and 5 GHz photometry used for the spectral index analysis.
Even though reliable photometric redshifts from wellsampled photometry data exist in both fields, we limit our analysis to only those with a spectroscopic redshift because errors in redshift translate directly to a large scatter and systematic biases in the derived quantities such as the rest frame radio power, radio-FIR correlation, and star formation rate (SFR). A detailed evaluation of the accuracy of the existing photometric redshifts and a quantitative analysis on the magnitude of error introduced by using photometric redshifts using this spectroscopic subsample are presented in Appendix A. Adding those sources with only photometric redshifts to our statistical analysis can in principle expand our sample by up to 16%, but we have elected to remove this major source of scatter in our statistical analyses presented here for now.
3D-HST
We adopt physical parameters such as stellar mass, SFR, and effective radius for our 5 GHz sources that also appear in the 3D-HST 8 (Brammer et al. 2012; Skelton et al. 2014; Momcheva et al. 2016) database. Stellar mass is estimated by the FAST code (Kriek et al. 2009 ) with the Chabrier (2003) initial mass function, and the Bruzual & Charlot (2003) stellar population synthesis library (Skelton et al. 2014 ). The SFR is computed through the conversion of UV+IR luminosity, where UV luminosity is derived from the rest-frame luminosity at 2800Å, and IR [8-1000µm] luminosity is derived from Spitzer MIPS 24µm flux density by assuming the log average of Dale & Helou (2002) templates (see Whitaker et al. 2014) . Effective radius (R ef f ) is the semi-major axis of the ellipse containing one half of the total flux of The spectroscopic redshifts given in the 3D-HST database are not as complete as our compilation, and we have to match our spectroscopic redshifts with the best redshifts in the 3D-HST database, which ranks them by spectroscopic, grism, or photometric redshift. A comparison of the best 3D-HST redshifts with our spectroscopic redshifts is shown in Figure 2 . We choose the 3D-HST counterparts with best redshifts satisfying |z spec − z best,3D−HST |/(1 + z spec ) < 0.05, which is shown with dashed lines in Figure 2 . Spectroscopic redshifts of the best redshifts in 3D-HST are mostly the same as ours while there are some small to significant offsets in grism and photometric redshifts. Through matching the redshifts, we have 3D-HST counterparts for 39 GN and 45 GS radio sources.
SELECTION FUNCTION AND REST FRAME 5 GHZ RADIO POWER
In Figure 3 , we show the selection function of our radio sources with rest-frame 5 GHz radio power as a function of redshift. The rest-frame radio power is calculated using the measured spectral index as
where d L is the luminosity distance, S 5GHz is the measured 5 GHz flux density of the original map, and α is the measured radio spectral index between 1.4 GHz and 5 GHz using the convolved map (see § 4). The strong positive k-correction associated with radio sources translates to a significant selection bias in favor of flat spectrum sources (α = 0, dashed line) with lower intrinsic radio power, but such flat spectrum sources are rare in our sample, as shown in this plot (also see Fig. 4 ). The selection functions of the two fields are similar with comparable mean and median values of 5 GHz radio power and redshifts, and a joint analysis of the combined sample is reasonable as long as the slight difference in the catalog depth is properly taken into account. The majority of the detected sources have rest frame 5 GHz radio power between 10 22 and 10 24 W Hz −1 , which is the range of radio power associated with intense starburst systems (LIRGs, ULIRGs) and Seyfert nuclei in the local universe. However, gas content and SFR of star forming main sequence (MS) galaxies are known to increase rapidly with increasing redshift by an order of magnitude to z ≥ 1 (e.g., Speagle et al. 2014; Scoville et al. 2017) , and a large fraction of these galaxies at higher redshifts are likely powered by star formation, as discussed below. Only four sources (two in each field) have a radio power high enough to be classified as "radioloud" with P 5GHz ≥ 10 25 W Hz −1 (Miller et al. 1990 ).
RADIO SPECTRAL INDEX
Radio spectral index α is a measure of the shape of a radio spectrum characterized as a power-law, S ∼ ν −α . We compute the spectral index between 1.4 and 5 GHz using the flux densities derived from the 5 GHz images beam-matched to the 1.4 GHz images as described in Section 2.2.1. In principle, the radio spectral index can be estimated using only the 5 GHz data with its wide bandwidth of 1.5 GHz through the multi-frequency synthesis. The algorithm that can produce in-band spectral index calculation for mosaic observations was not available in CASA when the data were being analyzed. The significant changes in the size of both the primary beam and the synthesized beam across the bandwidth make this in-band spectral index calculation challenging, especially away from the pointing center. These difficulties result in the errors of the in-band spectral index which are not competitive with those using the full 1.4-5 GHz spectral baseline. It is empirically shown that the majority of radio sources in a wide range of redshifts show radio spectra that are fit well with a simple power-law (e.g., Klamer et al. 2006) . In the frequency range between 1.4 and 5 GHz, the contribution by free-free emission is generally negligibly small (Condon 1992) .
The distributions of radio spectral index as a function of flux density are shown in Figure 4 . Panels (A), (B), and (C) are for the GN field while the panels (D), (E), and (F) are for the GS field. Since the sensitivity for radio spectral index (dotted line) depends on the flux density limit of the second band (dashed lines), it is not uniform as a function of flux density, and this is a common but important feature for all flux-limited surveys. Specifically, this non-uniform completeness limits our study to a narrower range of radio spectral indices at fainter flux densities. For our 5 GHz selected sample analyzed here, the depth of the existing 1.4 GHz data restricts the observable range of radio spectral index. We can see this effect clearly in panel (D) , where the range of the radio spectral indices is limited to α > 0 even at S 5GHz = 30 µJy (10σ), and this can potentially lead to missing sources with inverted spectra at flux densities of S 5GHz < 30 µJy. In practice, however, few inverted spectrum sources with S 5GHz < 35 µJy (10σ) are found in the GN field (panel A), and the actual impact of this potential bias may be limited.
The uncertainties in the derived radio spectral indices are mainly attributed to the larger uncertainties of flux densities at 5 GHz for the GN field and flux densities at 1.4 GHz for the GS field. The radio spectral index distribution in the GS field is broader and smoother than that in the GN field, and this can be attributed to the shallow depth of the 1.4 GHz data and the noisier 5 GHz photometry as a result of the convolution with a larger Gaussian kernel. Another source of the uncertainty is the wide bandwidth of the VLA. The effective frequency of each flux density measurement depends on the bandwidth and the spectral shape of the source, and this could lead to a significant offset of the effective frequency from the instrumental frequency. For the steepest spectrum source with α =1.64 in the GS field, we estimate that this effect can lead to a maximum frequency offset of 0.1 GHz and a maximum deviation of 0.02 in the derived radio spectral index. Thus, we conclude that this effect has only a minor impact on our radio spectral index calculation. When these systematic effects are taken into account, the distributions of radio spectral indices in these two fields are consistent with each other.
Panel (A) in Figure 4 shows a clustering of radio sources at α ∼0.75 and S 5GHz ≤ 150 µJy, leading to a prominent peak in the histogram in panel (C). The peak of the radio spectral index histogram for the GS field (panel F) occurs at the same α value, but the clustering is not as pronounced, possibly diluted and broadened by the larger uncertainties in the measured radio spectral indices (see panels B & E). This peak in the α of steep spectrum radio sources at S 5GHz ≤ 150 µJy has not been reported by earlier studies (e.g., Donnelly et al. 1987; Fomalont et al. 1991) , but their small sample size (30 in Donnelly et al. 1987 and 41 in Fomalont et al. 1991 ) likely contributed to their poor statistics. A more recent study of a larger sample by Huynh et al. (2015) , who measured radio spectral indices of 5.5 GHz selected sources above S 5.5GHz 50µJy in the Extended Chandra Deep Field-South (ECDFS) using the 1.4 GHz catalog of Miller et al. (2013) , did report a spectral index distribution with a clear peak near α ∼ 0.7, as long expected of the star forming galaxy population (see the discussion below). We note that Huynh et al. (2015) computed their radio spectral index without matching the beam sizes (about a factor of 2.2 in diameter), and this might be a source of an important systematic error -see further discussions in § 7.3. A natural explanation for the peak near α ∼ 0.7 is the contribution by the SFG population. Synchrotron emission is optically thin when it is produced by the shocks associated with supernovae in SFGs (Condon 1992; Seymour et al. 2008) . The flattening or upturn in the number counts of radio sources seen around S 20cm ≤ 100−200 µJy (Owen & Morrison 2008; Condon et al. 2012 ) is explained by the emergence of this population of SFGs at faint flux density levels, exceeding those of the radio-loud AGN population that is dominant at flux densities ≥ 1 mJy. The increase of fractional polarization and the change of slope in the polarized number count at polarized flux densities ≤1 mJy also imply the increasing contribution of SFGs (Rudnick & Owen 2014) . The broad radio spectral index distributions for the GS and GN fields shown in Figure 4 suggests the existence of both steep spectrum (α = 0.5−1.0) and flatter or inverted spectrum (α < 0.5) sources at S 5GHz < 150 µJy, supporting the conclusions of the more recent analyses indicating that the faint µJy radio population consist of both SFGs and radio-quiet AGN (Padovani et al. 2009; Bonzini et al. 2013; Rudnick & Owen 2014) . A detailed study of a small sample of 14 local SFGs by Klein et al. (2018) has shown that there is also some scatter in the observed radio spectral index in the GHz range due to a varying degree of free-free emission and opacity effects. What our study further indicates is that a larger sample with higher quality radio spectral index measurements are needed to characterize the relative contribution by these two populations.
STAR FORMATION PROPERTIES OF RADIO SOURCES
In the previous section, we have shown and discussed the distributions of radio spectral indices derived be-tween 1.4 and 5 GHz from the beam matched images. In this section, we investigate how the radio spectral index correlates with star formation properties by utilizing the SFRs and stellar masses derived by the 3D-HST project (Skelton et al. 2014; Momcheva et al. 2016 ).
∆ SF R as a measure of SF activity
The distributions of SFR and stellar mass of radio sources in GN (squares) and GS (triangles) are shown in four redshift bins in Figure 5 . The dashed lines indicate the SFR-stellar mass relation of the star forming MS at a mean redshift in each panel, and the shaded regions represent dispersions of SFR-stellar mass relation at the MS with log 10 SF R − log 10 SF R(M S) = ±0.2 (Speagle et al. 2014 ). As Speagle et al. (2014) and others noted, the MS evolves strongly with redshift, and it is not clear whether the SFRs measured at different redshifts can be compared directly in a meaningful way. A more insightful measure might be the level of SF activity normalized by that of the MS at the same redshift. Therefore, we define "∆ SF R ", the logarithm of the ratio of SFR with respect to that of the MS, as
where SF R(M S) is the SF R for the star forming MS galaxy at a given stellar mass and redshift calculated using Equation (28) by Speagle et al. (2014) . Following Speagle et al. (2014) , we define "SFGs" as galaxies with −0.2 ≤ ∆ SF R ≤ 0.2, "starbursts (SBs)" as those with ∆ SF R > 0.2, and "quiescent galaxies" as those with ∆ SF R < −0.2. In total, we have 49 SBs (58%), 10 SFGs (12%), and 25 quiescent galaxies (30%). The dominance of the SB population among the µJy radio population identified by one of the deepest surveys thus far is somewhat surprising, but this reflects the selection bias driven by the survey depth as discussed further below (also see § 7.1).
In Figure 6 , we show the distribution of ∆ SF R as a function of stellar mass, color-coded by radio spectral index, α. Quiescent galaxies detected in radio continuum are on average more massive than the SFG+SB while the SFG+SB show a wider range of stellar masses as shown in Figure 6 . The median stellar masses are 3.8×10
10 M for SFG+SB and 9.3×10 10 M for quiescent galaxies, respectively. The two-sided Kolmogorov-Smirnov test for two samples in R (R Core Team 2013) indicates that stellar mass distributions in both populations are substantially different with a p-value of < 4.3 × 10 −5 . This significant difference in mass distributions is consistent with the mass quenching scenario for quiescent galaxies (e.g., Kauffmann et al. 2003) .
The majority of our radio sources (58%) show intense star formation activity with ∆ SF R > 0.2 while only 12% of radio sources fall within the range of MS SFGs with −0.2 < ∆ SF R < 0.2. For comparison, we show the 3D-HST galaxies without radio counterparts (light gray) in Figure 6 . In the same stellar mass range as the radio sources (log M * ≥ 9.08), the 3D-HST galaxies undetected in radio are classified into SBs (25%), SFGs (44%), and quiescent galaxies (31%). The fraction of quiescent galaxies among source undetected in radio is the same as radio detected sources. Therefore, the main difference is in the fraction of SBs. In all cases, the radio detected galaxies trace the high stellar mass envelope for all types of galaxies, independent of ∆ SF R , and this is a natural consequence of a flux-limited survey as demonstrated by our selection function shown in Figure 3. Since our radio observations trace the synchrotron emission from star formation and AGN activities, these statistics imply that our radio survey is not deep enough to detect the star formation activity in the star forming MS galaxies in the full range of redshift probed, even with µJy sensitivity. We discuss this finding in more detail in § 7.1.
Star Formation Activity and Radio Spectral Index
An apparent correlation between radio spectral index and star formation property (∆ SF R ) is hinted in the color-coded data for radio spectral index in Figure 6 . Steep spectrum sources with α > 0.5 (green and blue) appear predominantly in the ∆ SF R > −0.2 region while sources with a flat or inverted spectrum (α < 0.5, yellow and orange) appear mostly in the region below ∆ SF R = −0.2. This might be an indication that steep spectrum sources are abundant among SFG+SB galaxies with ∆ SF R > −0.2 while few steep spectrum sources are in the quiescent galaxy region with ∆ SF R < −0.2.
This apparent trend is examined more directly in Figure 7 by plotting the radio spectral index as a function of ∆ SF R . What is apparent now is that the SFG+SB galaxies are more tightly clustered around α ∼ 0.8, while the quiescent galaxies (∆ SF R < −0.2) are distributed more uniformly, spanning a nearly twice as large range in spectral index α -the SFG+SB galaxies have a tighter distribution with a higher mean (0.72±0.05) than the quiescent galaxies (0.22±0.11). The histograms in the panel (B) of Figure 7 show these trends clearly with different peak positions -the SFG+SB galaxies (blue) have a peak at α ≈ 0.8, but the quiescent galaxies (red) have a peak at α ≈ 0.13. The two-sided KolmogorovSmirnov test for the two samples in R indicates that the null hypothesis of their radio spectral index distributions drawn from the same parent population is rejected with Figure 6 . Offset of SFR from the MS (∆SF R) and stellar mass with a color code according to radio spectral index in GN (squares) and GS (triangles) fields. Small gray points are the 3D-HST galaxies without radio counterparts in GN and GS fields for a comparison. The dashed lines of ∆SF R = ±0.2 indicate the selection of SFGs. SBs are sources above a line of ∆SF R > 0.2 while quiescent galaxies are those below a line of ∆SF R < −0.2. The distribution of radio spectral index show that SFG+SB have mainly steep spectra while quiescent galaxies have flatter spectra even though both have wide distributions.
a p-value of 0.0015. This result is consistent with the expectation that star formation yields steep radio spectra with α ∼ 0.8 through optically thin synchrotron emission produced by supernova shocks (Condon 1992) while AGN are associated with flat or inverted radio spectra with α 0.8 through synchrotron self-absorption (e.g., de Bruyn 1976).
It is tempting to speculate that there is a weak trend of decreasing α with decreasing ∆ SF R if the handful of sources with α ≥ 1 in the upper left corner of Figure 7 are ignored. These ultra-steep spectrum sources The panel (A) shows that the radio spectral index distribution of SFG+SB (∆SF R > −0.2) is more tightly clustered around α ∼ 0.8, in comparison with the quiescent galaxies (∆SF R < −0.2), which are distributed more uniformly and widely in spectral index α. These trends are easily seen in the histograms of SFG+SB (blue) and quiescent galaxies (red) in panel (B). The Kolmogorov-Smirnov test indicates that the radio spectral index distributions of the two populations are different from each other with a p-value of 0.0015.
are generally jet-dominated AGNs, and one could separate them out morphologically, but that kind of handpicking is not generally possible for a study without the necessary spatial information.
9 The large spread in α at a given value of ∆ SF R also makes such a generalization difficult to trust. What seems to be more certain is that this spread is real and essentially independent of star forming activity ∆ SF R , and this has an important con-sequence for understanding and modeling the nature of faint radio population and their evolution, as we discuss further below.
RADIO-FIR CORRELATION OF RADIO SOURCES
The radio-FIR correlation is one of the robust indicators of star formation and black hole activities (Helou et al. 1985; Condon 1992; Yun et al. 2001; Bell 2003) . In particular, the radio-FIR correlation of SFGs is a tight correlation with a less than 0.3 dex scatter over five orders of magnitudes in luminosity (Yun et al. 2001) , and this obviously indicates that a strong coupling exists between dust-reprocessed emission of ultraviolet radiation from massive young stars and synchrotron radiation by cosmic rays accelerated in type II supernovae (Condon 1992) . In this section, we examine the radio-FIR correlation of the µJy radio sources identified in the GN & GS fields as a function of their star formation properties and their measured radio spectral index.
The rest-frame radio-FIR correlation parameter, q F IR is defined as
where L F IR is a rest-frame FIR luminosity from 40 to 120 µm (Helou et al. 1985; Yun et al. 2001 ). The radio-FIR correlations of radio sources as a function of redshift are shown in Figure 8 for GN (squares) and GS (triangles), color-coded by ∆ SF R . The overwhelming majority of the SFG+SB population (86%) follow the local radio-FIR correlation for SFGs (Yun et al. 2001) , and galaxies near the star-forming MS (−0.5 ≤ ∆ SF R ≤ +0.5) nearly exclusively fall within the grey band shown in the left panel of Figure 8 . On the other hand, only ∼30% of the quiescent galaxies have q F IR of local SFGs, and their radio continuum emission likely has an origin other than star formation. Most of the quiescent galaxies (76%=19/25) are not detected in the far-IR, and they are marked with a down arrow in Figure 8 .
A statistical analysis of the radio-FIR correlation for each subpopulation distinguished by its star formation properties shows a clear difference between the SFG+SB galaxies and the quiescent galaxies. We have applied the Kaplan-Meier estimator for q F IR of the two subpopulations with the subroutine cenfit of the statistical package NADA 10 in R (R Core Team 2013). This analysis shows that the SFG+SB galaxies have a median q F IR 10 Nondetects and Data Analysis for Environmental Data.
value of 2.26±0.09, in good agreement with the local canonical value < q F IR >≈ 2.3 (Yun et al. 2001) , while the quiescent galaxies have a median value of 1.10±0.10. The difference in these median values is quite substantial with a significance of ∼ 8.8σ c (the combined uncertainty for both populations is σ c = 0.13). To quantify the difference of radio-FIR correlation distributions between SFG+SB and quiescent galaxies further, we perform the Log-rank test with left-censored data using the cendiff function in the NADA in R (R Core Team 2013). This test indicates that the SFG+SB galaxies and the quiescent galaxies have entirely different distributions of q F IR with a p-value of < 2×10 −6 . These statistical tests confirm the results of previous studies that the radio-FIR correlation is a powerful tracer of star formation activity (Yun et al. 2001; Bell 2003 ).
An obvious trend seen in the left panel of Figure 8 is the decreasing q F IR with increasing 5 GHz radio power. A straightforward interpretation is that radio AGN contribution is increasing both fractionally and in absolute value for the most radio luminous objects at P 5GHz ≥ 10 24 W Hz −1 . A somewhat surprising fact is that the majority of these "radio-excess" objects with P 5GHz ≥ 10 24 W Hz −1 are also intensely starbursting galaxies with ∆ SF R 1. Similar objects found in the local Universe are mostly Seyfert AGNs associated with a nuclear starburst, but they are exceedingly rare, accounting for only 1% of the IRAS 2 Jy Sample studied by Yun et al. (2001) . One might conclude a sharp increase (up to ∼5%) of such AGN+SB hybrid objects at z > 1, but our sample size is too small to be highly quantitative. Furthermore, survey depth and sample definition might have a strong influence in such an inference as even our µJy sensitivity is not sufficient to probe the MS star forming galaxies (see below § 7.1). Indeed, both the AGN fraction and the radio-excess fraction reported by the deeper survey of the COSMOS field by Smolčić et al. (2017) are much higher, ∼20%, at the S 1.4GHz = 50 µJy and rising up to ∼50% at S 1.4GHz = 100 µJy (see their Figure 12 ). A similar result was also reported by a study with a different AGN identification using the VLBA observations on the same field, where the AGN fraction is >40−55% at 100 < S 1.4GHz < 500 µJy (Herrera Ruiz et al. 2018) .
The dependence of radio-FIR correlation on radio spectral index is examined on the right panel of Figure 8 , and the quiescent galaxies with ∆ SF R ≤ -0.2 show systematically lower q F IR (on average by 0.6-0.8) compared with the SFG+SB population, nearly independent of radio spectral index α. An in-depth analysis of the similarities and differences among these different subpopulations is discussed in our next paper (Paper II), but this is another indication that quiescent galaxies are indeed a distinct population in their radio and IR properties as well. It is interesting that the extreme steep spectrum quiescent galaxies identified in Figure 7 and discussed in § 5.2 are not extreme outliers and instead nearly follow the normal radio-FIR correlation. A real outlier in the distribution is again the radio-excess SBs with ∆ SF R 1 discussed above, and their radio spectral index is typically around α ∼ +0.9, indistinguishable from the bulk of the normal SFGs and SBs. Intense starbursts associated with massive galaxies in the local universe, such as luminous infrared galaxies (LIRGs) and ultraluminous infrared galaxies (ULIRGs), are associated with high free-free opacity, leading to the flattening of radio spectrum (e.g., Klein et al. 2018 ) and even obscuring a radio AGN altogether at longer wavelengths (e.g., Mrk 231). Therefore, the distribution and geometry of starburst activity in these z > 1 luminous radio-excess SBs are somehow different from local examples. And they certainly cannot be identified from their luminosity and radio spectral index alone. Future higher resolution observations that can resolve the starforming structures and kinematics are required to yield deeper insight on these sources.
7. DISCUSSION
Importance of Survey Sensitivity
What makes deep radio continuum imaging attractive as a tool for studying galaxy evolution is the high angular resolution of an interferometer like the VLA to deliver spatial information at much better than 1 , free from the fundamental limits of source confusion that restrict the usefulness of current infrared facilities such as Herschel. Advances in sensitivity through increased bandwidth and collecting area also enable us to probe star forming galaxies and AGN population at cosmological distances directly. One of the main goals of this VLA study of the GOODS cosmology fields is to analyze the nature of the faintest radio continuum sources detectable with the current technology and establish technical specifications for future surveys for galaxy evolution using facilities such as MeerKAT, ASKAP, and eventually the Square Killimeter Array.
The plot of rest-frame 5 GHz radio power versus spectroscopic redshift shown in Figure 3 and the analysis of their star formation properties discussed in § 5 clearly demonstrate that our deep 5 GHz continuum data indeed probes star forming galaxies out to z ∼ 3. On the other hand, our detailed examination of their specific star formation rate shown in Figure 6 finds that the fraction of SBs (58%) in our radio sources are more than twice the fraction among the parent general galaxy population in the 3D-HST survey. Since there are no reasons for radio-selected SFGs to be fundamentally different from optical or UV selected SFGs, this statistical difference is likely the result of the combined effects of our survey depth and the strong evolution of cosmic star formation rate density (see review by Madau & Dickinson 2014) . Figure 9. Detectability of MS SFGs and a sensitivity of radio observations. We show the observable galaxies with a certain SFR and stellar mass as a function of redshift. We show SFGs with SFR of MS (solid lines) and 5×SFR of MS (dashed lines) as a function of redshift with respect to the stellar masses of 10 10 M (blue), 10 11 M (green), and 10 12 M (red). The survey limits (5σ) of our radio observations are indicated by the horizontal lines, i.e. 15µJy for GS. As examples, we marked the maximum redshifts of detecting M82-like (red diamond) and Arp220-like (red star) galaxies at the survey limits.
To explore this further, we show the calculated 5 GHz radio flux density of SFGs with SFR of MS (solid lines) and 5×SFR (dashed lines) for stellar masses of 10 10 M (blue), 10 11 M (green), and 10 12 M (red) in Figure 9 . We assume that SFR scales with 1.4 GHz radio power following the radio-total IR correlation with q T IR = 2.64 (Murphy et al. 2011 ) and a single average radio spectral index of +0.8 (but see the discussion on potential bias below). In general, angular resolution and source size are important considerations for survey sensitivity. Here, we make a simplifying assumption that most sources detected in a deep survey like this are at high redshifts are unresolved or marginally resolved (Owen & Morrison 2008; Murphy et al. 2017; Owen 2018) .
11 At our 15 µJy (5σ) survey limit for the GS field (black horizontal line), the maximum observable redshifts for star forming MS galaxies (dashed lines)
11 Median of radio source sizes reported at 1.4 GHz by Owen & Morrison (2008) and Owen (2018) are 1.2 -1.5 while the median source size at 10 GHz reported by Murphy et al. (2017) is 0.17 ± 0.03 . The apparent difference in these median radio source sizes is likely attributable to the structures present in these radio sources and the differences in the surface brightness sensitivity achieved. are z=0.13 for 10 10 M (solid blue), z=0.32 for 10 11 M (solid green), and z=2.55 for 10 12 M (solid red). SFGs with 5×SFR of the MS can be detected out to z=0.41 for 10 10 M (dashed blue), z=2.19 for 10 11 M (dashed green), and z >3 for 10 12 M (dashed red). In terms of well-known local SFGs, we can detect M82-like galaxy out to z=0.34 and Arp220-like galaxy out to z=1.63, respectively. Therefore, even with the µJy sensitivity we achieved in these two GOODS fields, we can probe a main sequence SFG with a stellar mass of 10 11 M only out to z ∼0.3, and our survey is strongly biased to ULIRG-like starbursts and AGN-host galaxies at z > 1.
This same plot also demonstrates that directly probing the evolution of the star forming MS galaxies will require a much deeper survey. To probe a MS SFG with SF R = 10M yr −1 at the Cosmic Noon (z = 2.5) at 5σ, a 5 GHz radio survey needs to reach a survey sensitivity of 28 nJy with the Next Generation VLA or Square Kilometer Array. This required sensitivity is ∼11.5 times deeper than the existing deepest 5 GHz continuum survey of the Hubble Ultra Deep Field by Rujopakarn et al. (2016) and more than 100 times deeper than our own surveys presented here.
Importance of Angular Resolution
In the previous section, we discussed the importance of sensitivity in probing star forming galaxies at cosmological distances and the requirement for future surveys to improve the sensitivity by more than an order of magnitude to probe the evolution of the main sequence SFGs. However, another surprising outcomes of our deep VLA 5 GHz surveys is that simply obtaining a deeper data itself does not guarantee probing much deeper into the luminosity function. As discussed in § 2.1.4, the comparison of the past and recent deep surveys seems to suggest that the rise in source density is apparently much flatter than the Euclidean case. Obviously this is not an entirely fair and rigorous comparison, and the situation is quite a bit more complex.
A potentially important experimental parameter here is angular resolution. Both statistical (e.g., Windhorst et al. 1990; Morrison et al. 2010 ) and direct imaging (e.g., Chapman et al. 2004 ) studies have shown that faint radio sources have an intrinsic size of 1 − 2 . Resolving sources with an angular resolution higher than the intrinsic size can negatively impact deep surveys of star forming galaxies in two ways: (1) by fragmenting individual radio sources into multiple components, especially in the low SNR regime; and (2) loss of surface brightness sensitivity and the resulting loss of extended emission. The former is a well-known phenomenon for nearly all deep radio surveys, and most previous stud- (2008) and Huynh et al. (2015) with ∼ 3 times larger beams are on average ∼30 percent larger. The higher resolution survey by Rujopakarn et al. (2016) with 0.61 ×0.31 beam has only one detected source in common (the 6 GHz source flux densities are actually reported by Dunlop et al. 2017 ) that agrees well with ours. The dotted line is the unity ratio line to guide the eye.
ies have produced catalogs of "source components" as well as integrated source catalogs. In analyzing the 0.5 imaging data of the GN field, Guidetti et al. (2017) identified the loss of surface brightness sensitivity and their bias toward compact sources as the primary cause for their extra-ordinarily high AGN fraction. Only a modest (a factor of ∼ 3) increase in the source density reported by Rujopakarn et al. (2016) in their ultra-deep imaging of the GS field with nearly 10 times better sensitivity than our survey is likely driven by the loss of flux density and surface brightness sensitivity resulting from their using very high angular resolution (0.61 ×0.31 ).
We explore the impact of angular resolution on flux recovery further by comparing the measured flux density of the faint radio sources in the GS field reported by different surveys with varying angular resolution in Figure 10 . The flux densities reported by Kellermann et al. (2008) at 4.85 GHz and by Huynh et al. (2015) at 5.5 GHz were both measured using a θ ≈ 4 beam, and these flux densities are systematically higher when compared with our measurements obtained with a 1.5 beam. The average flux ratio between the Kellermann et al. (2008) flux density to our flux density is 1.34, with a median ratio of 1.14. Similarly, the average and median ratios of the Huynh et al. (2015) flux density to our flux density is 1.26 and 1.18, respectively. A small correction due to intrinsic spectral index is neglected, as both low angular resolution measurements are significantly larger (about 30%) than our measurements with an effective center frequency of 5.25 GHz. These measured differences are much larger than the expected absolute calibration uncertainties ( 10%) associated with the standard flux density bootstrapping calibration. The comparison with the higher resolution (0.61 ×0.31 ) imaging by Rujopakarn et al. (2016) does not provide much new insight as there is only one source in common.
In summary, observing angular resolution smaller than the expected intrisic radio source size of 1 − 2 can lead to a significant systematic bias in deep radio surveys. Carefully accounting for this resolution effect and surface brightness sensitivity is an important consideration for all future ultra-deep surveys with nJy sensitivity.
Importance of Accurate Radio Spectral Index
Obtaining accurate radio spectral indices is an important step in studying the radio-FIR correlation and its evolution over the cosmic time because computing the rest-frame radio-FIR correlation requires a correction with a "log 10 (1 + z) 1−α " dependence on radio spectral index, associated with the k-correction for the observed radio power. This has the largest impact at the highest redshifts, where the evidence for any evolution in the radio-FIR correlation is expected to be the most pronounced.
Many previous studies of faint radio source population have applied only a partial correction for this spectral index effect, largely because of practical constraints, but the magnitude of the resulting error may have been under-appreciated. Ideally, one should obtain observations at two different frequencies with matched beams and depths to derive correct radio spectral index. However, conducting observations in two frequency bands can be prohibitively expensive in telescope time, especially for deep surveys that require tens to hundreds of hours of integration time in each band. Instead, a common practice is to take advantage of existing survey at another frequency, as we have done using the existing 1.4 GHz surveys by Miller et al. (2013) and by Owen (2018) . If the complementary archival data are not readily available in raw format as is often the case, however, radio spectral index has to be computed without the beam correction (e.g., Ivison et al. 2010a; Bourne et al. 2011; Magnelli et al. 2015; Delhaize et al. 2017) . Alternatively, a number of other studies have resorted to adopting a single average radio spectral index of 0.7-0.8 instead (e.g., Appleton et al. 2004; Ibar et al. 2008; Murphy et al. 2009; Sargent et al. 2010; Ivison et al. 2010b; Mao et al. 2011) . Because even SFGs at z ≥ 1 are resolved at ∼ 1 scales, ignoring this resolution effect can lead to significant systematic errors in computing the total radio power and the radio spectral index. Similarly, the radio spectral index distribution is intrinsically broad as discussed in § 4, and adopting a single value of α can introduce significant errors in the derived source properties. Here, we analyze both of these issues quantitatively using our GN and GS deep survey data with and without the appropriate corrections.
7.3.1. Importance of Beam-matching for the Radio Spectral Index Calculation A measured radio spectral index is a direct indicator of the primary radiation mechanism for the observed radio power. In this section, we compare the radio spectral index estimated without matching beam sizes (α non ) and with those with matched beams (α beam ), to quantify the importance of the beam effect. The ratio of beam areas is mostly between 1.2 and 1.9 for the GN sources while the GS sources have an average beam area ratio of 10.2, requiring a much larger correction.
The impact of ignoring the beam size difference is clearly shown in the plot of the deviation of radio spectral index α non from α beam (∆α ≡ α non − α beam ) as a function of total 5 GHz flux density in Figure 11 . In the GN field (left panel) where the synthesized beams of 5 GHz and 1.4 GHz data are closely matched, the change is small for most objects as expected. A few sources still show a large deviation with a large positive ∆α value, indicating that extended or blended sources can lead to large errors in derived spectral indices even when the beam size difference is relatively small. Otherwise the observed scatter is consistent with the expected increase in the noise of the 5 GHz data by the larger photometry aperture. The scatter in the derived spectral index is much larger in the GS field (right panel), and this reflects the impact of a much larger beam difference. As in the GN field, the source distribution is biased to the large positive ∆α values with a mean of 0.054, especially among S 5GHz ≥ 1 mJy sources that are usually associated with extended radio jet sources.
This analysis clearly demonstrates that a small but non-negligible fraction of radio sources are resolved at 1 scale by our 5 GHz beam, and beam-matching is critically important in deriving a correct radio spectral index. This analysis also indicates that our deep 5 GHz data might suffer from loss of flux density due to spatial filtering, even after the beams are matched by smoothing. These combined effects lead to a systematic bias to a steeper (more positive) spectral index and smearing of the overall spectral index distribution, as seen in Figure 4 and discussed in section § 4. Indeed, all interferometric observations are subject to loss of flux density, and matching the resolution to source size is the best that can be done without obtaining additional data.
Impact of Spectral Index on Radio-FIR Correlation
The rest-frame radio-FIR correlation depends on the radio spectral index through the k-correction for the rest-frame radio power, and there are two common ways which incorrect radio spectral index has impacted the radio-FIR correlation analysis in the literature: (a) not matching beams; and (b) adopting a single value of α. Here, we demonstrate how both of these errors in radio spectral index can lead to systematic deviations in the derived radio-FIR correlation parameters q F IR using our data. The deviation of radio-FIR correlation is defined as ∆q F IR ≡ q F IR (α non ) − q F IR (α beam ) [for the unmatched beam case], and they are shown as a function of redshift, color-coded by ∆ SF R , in Figure 12 .
As discussed in the previous section, the net effect of not correcting for the beam size difference is overestimating radio spectral indices (for this study, because of the higher angular resolution of the 5 GHz data), which in turn leads to a larger k-correction and an overestimation of the rest frame radio power. As shown on the left panel of Figure 12 , the overall scatter in ∆q F IR resulting from not matching the beams is not large, less than 0.1 in dex. However, all sources with a significant deviation in q F IR are nearly uniformly and systematically towards a lower value with a mean scatter of -0.019, and this bias is larger in magnitude at a higher redshift because of a larger k-correction.
The common practice of adopting a single "average" value (e.g., α = 0.8) leads to an even greater scatter and a stronger bias in q F IR than the unmatched beam case, as shown on the right panel of Figure 12 . The magnitude of the scatter in ∆q F IR is now nearly 0.2 in dex, approaching the total intrinsic scatter in the observed radio-FIR correlation for the local SFGs (Yun et al. 2001 ). In addition, ∆q F IR is heavily biased towards the negative values with a mean of -0.061 (and growing with redshift), as is the case for the unmatched beam. Both of these trends are the direct results of the large and asymmetric spread in the measured radio spectral index distribution shown in Figure 4 .
The fact that both of these common errors in radio spectral index can lead to a significant scatter and a strong bias in the derived q F IR is a serious concern for the study of the faint radio source population in general and the study of radio-FIR correlation specifically. The magnitude of the error grows systematically with redshift and is more biased to a lower value of q F IR , and this has an important consequence for the evaluation of possible evolution of the radio-FIR correlation. We will discuss this effect in the context of radio-FIR correlation evolution in Paper II.
CONCLUSIONS
We reported the first results from our deep and wide VLA 5 GHz surveys of the GN and GS fields with the resolution and sensitivity of θ = 1.47 × 1.42 & σ = 3.5 µJy beam −1 and θ = 0.98 ×0.45 & σ = 3.0 µJy beam −1 , respectively. The central deep cosmology fields with HST and other multi-wavelength data are covered with a nearly uniform sensitivity and resolution, and a total of 52 & 88 sources are identified at ≥ 5σ significance in the 109 & 190 arcmin 2 survey areas, respectively. We have carefully derived their radio spectral indices by utilizing the existing 1.4 GHz images and catalogs by Owen (2018) and by Miller et al. (2013) and examined the radio spectral index distribution and radio-FIR correlation using only a subset of 84 sources with a reliable spectroscopic redshift to minimize introducing additional scatter. Some of the main results from our analyses of these data include:
1. The radio spectral index is measured from beammatched images of 1.4 & 5 GHz, and its distributions show the clustering of faint radio sources with S 5GHz 150µJy at around the steep radio spectral index of α ∼0.8, which has not seen in previous studies. The associated peak in the GN field is more distinct than in the GS field where the distribution is more smeared out by higher noise. The overall spectral index distribution derived is quite broad, ranging −0.5 ≤ α ≤ 1.4, as many earlier studies have reported.
2. The star formation activity is characterized by the distance from the "star formation main sequence" (Speagle et al. 2014) , taking into account the strong evolution of SFR with redshift. The majority of faint radio sources are identified as SBs (58%) while only 12% is identified as star forming MS galaxies with |∆ SF R | ≤ 0.2. The remaining 30% are quiescent galaxies with ∆ SF R ≤ −0.2. This high frequency of SBs is traced to the relatively poor sensitivity of even this deep continuum survey to normal MS SFGs at z ≥ 0.5, and future surveys with up to 100 times better sensitivity (σ 5GHz 30 nJy) are needed in order to trace the evolution of the star forming MS at the Cosmic Noon (z = 2.5). Our comparison of flux density measurements and source density at different angular resolution support the ∼1 extent of intrinsic radio source size reported by previous studies (e.g., Windhorst et al. 1990; Chapman et al. 2004; Morrison et al. 2010) , and future ultra-deep surveys should carefully consider the resolution effects, e.g., such as surface brightness sensitivity as well.
3. The SFG+SB population shows a significantly tighter distribution of spectral index than the quiescent galaxies, as shown in Figure 7 , suggesting a systematically different origin for their radio emission. The overwhelming majority of the SFG+SB population (86%) follow the local radio-FIR correlation for SFGs (Yun et al. 2001 ) with a median q F IR value of 2.26 ± 0.09. Only ∼30% of quiescent galaxies follow the same trend, with a median q F IR value of 1.10 ± 0.10 -most of the quiescent galaxies (76%) are not detected in any of the Herschel far-IR bands. The fraction of radioexcess objects with q F IR ≤ 1.6 increases with increasing 5 GHz radio power, especially for objects at z ≥ 1 with P 5GHz ≥ 10 24 W Hz −1 , and the majority of these objects are intense starburst galaxies with ∆ SF R 1. This may indicate a sharp rise in the AGN+SB hybrid population at these redshifts, as suggested by previous studies.
4. Determining and applying correct radio spectral indices is important for deriving accurate radio power and analyzing the radio-FIR correlation. Using our own survey data, we demonstrate that the common practice of not matching the beams carefully can lead to a significant and strongly bias estimation of α and over-estimation of radio power for high redshift sources. More importantly, as shown in Figure 12 , the widely used practice of adopting a single "characteristic" value of spectral index (α ≈ 0.7 − 0.8) leads to a much greater scatter matching or exceeding the intrinsic scatter seen in the local population and also a strong systematic bias to negative q F IR values, resulting from the broad width and the asymmetry in the intrinsic radio spectral index distribution.
Lastly, analyzing our data using the photometric redshifts from the 3D-HST project leads to an additional scatter of 0.112 dex in the derived radio-FIR correlation -see Appendix A. The resulting scatter is nearly symmetric, unlike the errors in spectral index discussed above, and analyzing a much larger sample with high quality photometric redshifts might be acceptable for future studies requiring much better statistics.
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. SPECTROSCOPIC REDSHIFTS VERSUS PHOTOMETRIC REDSHIFTS
As discussed in § 2.2.5, we limit our analysis only to the subsample of GN and GS radio sources with a spectroscopic redshift because we aim to remove any additional and possibly systematic noise introduced by adopting photometric redshifts, at the expense of reducing the total sample size by up to 16%. As shown in Figure 13 , photometric redshifts reported by the 3D-HST project, derived using the well-sampled and deep UV-to-NIR photometry available in these fields, are quite good in general, with a few catastrophic outliers. When these redshift errors are propagated into the derivation of q F IR as shown on the right panel, the magnitude of additional scatter introduced by using photometric redshifts is 0.112 in dex. This is about 50% of the intrinsic scatter measured among the local sample of IR-selected SFGs by Yun et al. (2001) and thus is substantial in magnitude. Fortunately, the redshift error and the resulting changes in ∆q F IR seem random and not systematic, and using photometric redshifts might be acceptable in future studies if the analysis requires a much larger sample size for improved statistics. Figure 13 . Comparison of the photometric and spectroscopic redshifts from the 3D-HST project (left panel) and the resulting error in the radio-FIR correlation parameter (∆qF IR) as a function of spectroscopic redshift (right panel). The additional scatter in ∆qF IR resulting from using photometric redshift is 0.112 in dex.
B. B. CATALOG OF 5 GHZ FLUX DENSITIES AND SPECTRAL INDICES OF OUR RADIO SOURCES
The final radio source catalog is presented in Table 2 . It includes all 52 GN and 88 GS sources cataloged from images with original beam sizes. The 5 GHz flux densities listed in Table 2 are measured with the original beam sizes, but the spectral index is derived with the beam-matched catalogs as shown in § 2.2.1. Eight GS radio sources with original beam sizes are merged into three sources in the image with the beam size matched to that of 1.4 GHz image (refer to § 2.2.1). Positions of three merged sources (GS-15, GS-44 and GS-73) are found in the beam matched catalog, but their 5 GHz flux densities are measured from the image with the original beam size. We also list the eight GS sources below the merged sources as GS-15a, -15b, -15c, GS-44a, -44b, -44c, GS-73a, and -73b. The merged sources are not Gaussian-like shapes in the image with the original beam size, so their flux densities are poorly measured by AIPS tasks SAD or JMFIT which utilize the 2D Gaussian fitting function. For this reason, the flux densities of three merged sources are measured with the AIPS task TVSTAT which is appropriate for measuring the flux density of the irregular shaped source. The flux density measured with TVSTAT are larger in general than summation over flux densities of individual sources, because the TVSTAT traces flux densities of regions among individual sources.
Data columns of Table 2 (5) uncertainty of DEC, a unit of , (6) peak flux density (S peak ) and its uncertainty, a unit of µJy beam −1 , (7) integrated flux density (S int ) and its uncertainty, a unit of µJy, and (8) radio spectral index (α) and its uncertainty. 
